ABSTRACT Potato psyllid, Bactericera cockerelli (Š ulc) (Hemiptera: Triozidae), is a serious pest of solanaceous crops in North and Central America and New Zealand. This insect vectors the bacterium that causes zebra chip disease of potato (Solanum tuberosum L.). Four distinct genetic populations, or haplotypes, of B. cockerelli have been identified. Three of the haplotypes may co-occur in potato fields in the Pacific Northwest of United States. Solanaceous weeds, including the perennial Solanum dulcamara (bittersweet nightshade), may provide refuge for psyllid populations which then migrate to potato crops. This study tested whether fecundity, fertility (% egg hatch), and adult longevity of potato psyllid were affected by host plant (S. dulcamara or potato) and whether these reproductive traits were similar among the three haplotypes that are most common in the Pacfic Northwest: Northwestern, Central, and Western. We hypothesized that the locally resident haplotype (Northwestern), which is known to overwinter extensively on S. dulcamara, would show relatively higher fitness on nightshade than the other two haplotypes. Fecundity differed significantly among haplotypes, with an average lifetime fecundity of 1050, 877, and 629 eggs for Northwestern, Western, and Central females, respectively. Egg hatch was significantly reduced in psyllids reared on bittersweet nightshade (61.9%) versus potato (81.3%). Adult psyllids lived longer on nightshade than on potato, averaging 113.9 and 108.4 d on nightshade and 79.0 and 85.5 d on potato for males and females, respectively. However, the longer life span of psyllids on nightshade than potato failed to lead to higher fecundity, because females on nightshade often ended egglaying well before death, unlike those on potato. There was no evidence for any of the fitness traits to suggest that the locally resident haplotype (Northwestern) performed relatively better on nightshade than the other two haplotypes. Lastly, we examined whether mating between psyllids of different haplotypes affected sperm transfer and egg hatch rates. Females of the Northwestern haplotype failed to produce viable eggs when mated by males of either the Western or Central haplotypes.
Introduction
Potato psyllid, Bactericera cockerelli (Š ulc) (Hemiptera: Triozidae), is a phloem-feeding insect with a wide host range (Knowlton and Thomas 1934 , Pletsch 1947 , Wallis 1955 . The psyllid is economically detrimental to potato (Solanum tuberosum L.) and other crops in the Solanaceae. Damage is caused directly by its feeding activities, and by its vectoring of the bacterium "Candidatus Liberibacter solanacearum," the putative causal agent of zebra chip disease of potato (Munyaneza et al. 2007 , Munyaneza 2012 . Potato psyllid is distributed in the United States, Mexico, and Central America (Pletsch 1947 , Wallis 1955 , Munyaneza 2012 . This insect pest is also widespread in New Zealand, where it was recently introduced (Gill 2006 , Teulon et al. 2009 , Thomas et al. 2011 . In recent years, potato psyllid outbreaks in southern California, Baja California in Mexico, the Pacific Northwest of the United States, and Central America led to the discovery of genetically distinct populations (or haplotypes) of the psyllid (Liu et al. 2006 , Liu and Trumble 2007 , Jackson et al. 2009 , Swisher et al. 2012 , 2013b , 2014a . Four haplotypes of the psyllid have been described in the Americas (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. , b, c, 2014a . Depending on the perceived centers of their geographic distributions, these haplotypes are referred to as "Central" (Texas and central United States, eastern Mexico, and Central America), "Western" (southern California and Baja California, Mexico), "Northwestern" (Washington, Idaho, and Oregon), and "Southwestern" (New Mexico, southern Colorado, and north eastern Colorado). All four haplotypes have been reported in the Pacific Northwest (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. , c, 2014b , although only the Nortwestern haplotype actually appears to be resident in the region (Swisher et al. 2013c (Swisher et al. , 2014b . Three of the haplotypes (Central, Western, and Northwestern) may regularly occur as mixtures in potato fields within certain growing regions of the Pacific Northwest (Swisher et al. 2014b) .
Currently, the only means to effectively manage zebra chip is by targeting potato psyllid for control (Munyaneza 2012) . Potato psyllid management in Pacific Northwest potato crops is made more difficult due to the presence of these different psyllid haplotypes, which may differ in biological traits that determine their respective contributions to zebra chip epidemiology. These traits could include haplotype differences in vectoring efficiencies, interhaplotype fertility, fitness traits, host plant use, and overwintering capabilities. The perennial bittersweet nightshade (Solanum dulcamara L.) has now been recognized to be a critical resource for potato psyllid overwintering in the Pacific Northwest (Jensen et al. 2012 , Murphy et al. 2013 , particularly for the Northwestern haplotype (Swisher et al. 2013c ). Bittersweet nightshade is also a host of "Candidatus Liberibacter solanacearum" (Murphy et al. 2014, J.E.M., unpublished data) . Advances in understanding potato psyllid haplotype biology and in defining suitability of bittersweet nightshade for potato psyllids of each haplotype will help the potato industry in the Pacific Northwest make informed decisions about the need for psyllid controls as components of their pest management programs. The objectives of the current study were to: 1) evaluate host effects of bittersweet nightshade and potato on reproductive traits of three potato psyllid haplotypes commonly found in Pacific Northwest potato crops, and examine whether there is evidence for local adaptation to nightshade by the locally resident haplotype (Northwestern); and 2) assess interhaplotype fertility among haplotypes.
Materials and Methods
Sources of Plants. Potato and bittersweet nightshade were compared for effects on fitness traits of B. cockerelli. Potato (var. Russet Burbank) was grown from seed tubers (Skone and Connors Produce Inc., Warden, WA), and bittersweet nightshade was grown from cuttings collected locally (Wapato, WA). Plants were grown in 0.5-liter pots (Kord Products, Toronto, Ontario, Canada) filled with a soil medium consisting of 86% sand, 13.4% peat moss, 0.5% Apex time release fertilizer (J. R. Simplot Co., Lathrop, CA), and 0.1% Micromax micronutrients (Scotts Co., Marysville, OH) in a greenhouse at U.S. Department of AgricultureAgricultural Research Service (USDA-ARS), Wapato, WA. Prior to conducting experiments, the plants were tested for "Ca. L. solanacearum" by PCR (Munyaneza et al. 2010 ) to ensure they were free of the bacterium.
Sources of Insects. Colonies of three potato psyllid haplotypes were established at the USDA-ARS facility in Wapato, WA, from insects collected in Texas (Central haplotype), southern California (Western haplotype), and Prosser, WA (Northwestern haplotype). The insects were maintained on bittersweet nightshade or potato in separate colonies. All of the colonies were maintained in the laboratory at 25 6 1 C, 40 6 5% relative humidity (RH), with a photoperiod of 16:8 (L: D) h. Haplotype status of each of the psyllid colonies was confirmed at desired intervals by examination of mitochondrial DNA (mtDNA) sequences, using high resolution melting analysis methods (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. , 2014a . In addition, psyllid adults used in the experiments were collected at the end of each trial and tested to confirm the haplotype status.
Construction of Cages Used in Assays. Reproductive traits of psyllids from each haplotype were assessed by rearing individual insects in small transparent cages constructed of two 5-oz clear Polystyrene 40 Dram capped plastic vials (Thornton Plastics, Salt Lake City, UT), joined together by gluing the tops of the two lids to one another such that the two plastic vials were assembled top to top (Fig. 1) . The upper vial included mesh-covered openings on two sides and on the top for ventilation (Fig. 1) . A 10-mm-diameter hole was drilled through the center of the two joined lids. Clippings from pathogen-free potato or bittersweet nightshade were added to each cage, with cut stem ends inserted through the small hole and into the water-filled reservoir (Fig. 1) . Each clipping included two or three leaves. The clippings were held in place with a piece of cotton swab placed in the hole joining upper and lower vials. Fecundity, Egg Fertility, and Adult Longevity. Fecundity, egg fertility, and adult longevity were examined for psyllids of each haplotype on either bittersweet nightshade or potato. Psyllid fitness measures were monitored in the transparent insect cages (Fig. 1) under conditions of 25 6 1 C, 40 6 5% RH, and a photoperiod of 16:8 (L: D) h. To confirm absence of the Liberibacter pathogen in psyllids, samples of potato psyllids from each colony were tested by conventional PCR (Munyaneza et al. 2010) prior to beginning an assay.
To obtain virgin adults for the fitness assays, fifthinstar nymphs of each haplotype were gently removed from the nightshade-reared and potato-reared colonies of psyllids with a soft painting brush. The nymphs were placed individually on clippings of the same host species from which they had been reared, and held individually in the standard rearing cages (Fig. 1 ) until adult emergence. Newly emerged adults were sexed, and male-female pairs of new adults were transferred to new cages containing a new clipping of the rearing host species. Extra males of the same age not used in the initial pairings were kept as backup for replacing any males that died before the female of the pair died. Lifetime fecundity and egg fertility were monitored for a total of 12 pairs of psyllids per haplotype and host plant species (producing a total of 3 haplotypes Â 2 host species Â 12 pairs ¼ 72 pairs of psyllids). Numbers of eggs deposited per female were recorded under a binocular stereomicroscope (EMZ 13; Meija Techno America, San Jose, CA) every 4 d, starting with the first oviposition, so the count is done before the eggs have had a chance to hatch. Following each egg count, the psyllid pair was transferred to a new cage with new clippings of the appropriate host species. The process was repeated for each pair until the female had died. The total number of eggs per female over her lifetime was calculated by summing the individual 4-d counts. If the male psyllid in a given cage died before the female, the male was replaced with a new insect of the same age and haplotype, reared from the same host species. Eggs were monitored for hatch using a binocular stereomicroscope (EMZ 13; Meija Techno America), and nymphal emergence was recorded. Lifetime percent egg fertility was determined for each pair as follows: egg fertility ¼ (total number of eggs that hatched/total number of eggs) Â 100.
Adult longevity was estimated for each pair by determining the total life span duration (time from adult emergence to time of death) of both the male and female in each pair. Longevity of males was recorded only for the initial male in those pairs in which male death preceded female death (i.e., longevity was not recorded for replacement males).
Interhaplotype Fertility. Crosses were conducted between all possible pairings of haplotypes, producing nine types of pairings (the total includes the three intrahaplotype crosses). The assays were limited to psyllids reared on potato. Newly emerged male and female psyllids of each haplotype were obtained using the rearing methods described above, and paired on potato clippings in the small rearing cages. Fifteen and five pairs of psyllids per inter-and intrahaplotype crosses, respectively, were monitored (a total of 105 pairs). Each pair was examined daily for the onset of egglaying. Once oviposition had begun, egglaying was allowed to continue for 5 d. Each pair was then transferred to a new cage and potato clipping, and was allowed for another 4 d for oviposition. Adults were removed at the end of this second 4-d period, and the females were set aside for dissection (see below). The eggs were monitored for 9 d and then the total number of nymphs and shriveled (nonhatching) eggs were determined on each clipping. Fertility was determined from the total numbers of nymphs and unhatched eggs for each cross. Female psyllids were dissected under a microscope and checked for mating status (presence or absence of spermatophores; Guédot et al. 2013) . Psyllid haplotype was verified following the dissection for both male and female psyllids in each pair by examination of mtDNA (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. , 2014a .
Data Analysis. All statistical analyses were done using SAS (SAS Institute 2012). Effects of haplotype and host species on adult longevities were analyzed using a 3 Â 2 factorial analysis of variance (ANOVA). The analyses were done using PROC GLM. ANOVA could not be used to examine egg hatch or lifetime fecundity due to significant departures of the data from assumptions of normality and constant variance. The count data (lifetime fecundity) were instead modeled assuming a negative binomial distribution. The analysis was done using PROC GLIMMIX. Model fit was evaluated by use of the chi-square and df statistic provided by GLIMMIX (Littell et al. 2006 ). Probability of egg hatch was modeled as a binomial response (total eggs hatching/total eggs monitored) by use of PROC GEN-MOD. Model fit was poor due to overdispersion (shown by Pearson chi-square statistic); thus, the model was refitted with a scaling factor using the SCALE ¼ PEARSON option (Stokes et al. 2005) . Means were back-transformed into proportions using the ILINK option. In all analyses, if the haplotype effect in the ANOVA was significant, haplotype means were compared using Tukey tests. The proportion of hatched eggs to the total number of eggs was compared among haplotype crosses using the LOGISTIC procedure of SAS (SAS Institute 2012). The FIRTH option and LINK¼LOGIT function were included in the MODEL statement. Differences in hatch rates among the nine crosses were compared using 95% confidence intervals.
Results
Fecundity, Egg Fertility, and Adult Longevity. Numbers of eggs deposited per female per 4-d mating interval and female survival over those intervals are summarized for all three haplotypes and both host species (Fig. 2) . Egglaying rates for all haplotypes rapidly climbed over the first three sampling intervals and remained high on both host species through days 40-50, and then declined sharply thereafter (Fig. 2) . Peak egglaying rates ranged approximately between 75 and 100 eggs per 4-d interval for the Northwestern haplotype, 50-100 eggs per interval for the Western haplotype, and 40-60 eggs per interval for females of the Central haplotype (Fig. 2) . No obvious host effects were noted except in the second half of the monitoring period for the Northwestern haplotype, where egglaying rates were somewhat higher for females on the potato host (Fig. 2) . Percentage survival of females (Fig. 2: solid and dashed lines) was high well into 60-80 d in age, but then began a fairly sharp decline following that interval. Females appeared to survive longer on nightshade than on potato, particularly females of the Western and Central haplotypes (see also the adult longevity results, below).
Summary statistics for egg hatch percentages, lifetime fecundity, and male and female life spans are presented as haplotype Â host plant means (to search for evidence of local adaptation to nightshade by the Northwestern haplotype) as well as host and haplotype main effect means (Figs. 3 and 4) . Mean lifetime fecundity was not affected by host species (Fig. 3B: F 1, 66 ¼ 0.02, P ¼ 0.66); mean egg production on either plant species was approximately 800 eggs per female when results are averaged over haplotype. Fecundity was affected by haplotype ( Fig. 3C: F 2, 66 ¼ 15.85, P < 0.0001). Egg production was highest in the Northwestern and Western haplotypes. The host Â haplotype interaction was nonsignificant ( Fig. 3A: F 2, 66 ¼ 1.52, P ¼ 0.23).
The host Â haplotype interaction was nonsignificant for the egg hatch data (Fig. 3D: F 2, 66 ¼ 2.00, P ¼ 0.14). Averaged over haplotype, percentage egg hatch was higher (by almost 20 percentage points) for eggs deposited on potato than eggs deposited on nightshade (Fig. 3E: F 1, 66 ¼ 83.3, P < 0.0001). The three haplotypes exhibited overall similar rates of egg hatch (Fig. 3F: F 2, 66 ¼ 0.11, P ¼ 0.89).
Host-and haplotype-associated patterns in adult longevity were similar between female and male psyllids (Fig. 4) . For both sexes, the haplotype Â host interaction term in the ANOVAs was not significant (Fig. 4A and D: females, F 2, 66 ¼ 1.71; P ¼ 0.19; males, F 2, 66 ¼ 2.1, P ¼ 0.13). Psyllids of both sexes showed a significantly longer life span on nightshade than potato ( Fig. 4B and E: females, F 1, 66 ¼ 10.35; P ¼ 0.002; males, F 1, 66 ¼ 23.7, P < 0.0001). The increase in longevity on nightshade was about 23 and 35 d for female and male psyllids, respectively, averaged over haplotype ( Fig. 4B and E) . Haplotype effects were significant for male psyllids (Fig. 4F: F 2, 66 ¼ 6.5, P ¼ 0.003), with males of the Northwestern haplotype having a significantly longer life span than males of the other two haplotypes (by 23-30 d).
The absence of host-associated differences in total fecundity (Fig. 3B) despite the longer lifespan of females on nightshade (Fig. 4B) appears to have been caused by an ending of egglaying well before death by females on nightshade, in contrast to what was generally observed for female psyllids on potato. This pattern is shown by the drop of the egglaying curve to zero for females on the nightshade host (Fig. 2: solid circles) , often well before death of the females (Fig. 2: solid  lines) . This effect was particularly noticeable for the Western and Central haplotypes. To examine this pattern more closely, we calculated the number of consecutive egg-free intervals immediately preceding death for each female, and visually compared this statistic for nightshade-versus potato-reared females (Fig. 5 ). Females on nightshade ended egglaying well before death (reaching 25 monitoring intervals [or 100 d] preceding death for one Northwestern female; Fig. 5 ). Psyllids on potatoes exhibted a smaller egg-free interval preceding death, and often deposited eggs almost until time of female death. In sum, despite the longer life span of females on nightshade, the absence of egglaying by nightshade-reared females during the several weeks preceding female death led to estimates of mean lifetime fecundity that were of similar magnitude between the potato and nightshade hosts (Fig. 3B) . Interhaplotype Fertility. Dissection showed that all females from every cross contained spermatophores, indicating that females in all crosses had mated. Rates of egg hatch clustered into two discrete categories (Table 1) . Eggs deposited by Northwestern females that had been mated by Central or Western males all failed to hatch. The second group, comprising the remaining seven types of crosses, exhibited high rates of egg fertility (79-93% hatch); these high rates included eggs deposited by females that had been mated by males from a different haplotype (Table 1) .
Discussion
Potato psyllid has been identified as the vector of the bacterium "Ca. L. solanacearum," putative causal agent of zebra chip disease of potato (Munyaneza et al. 2007 , Munyaneza 2012 . Expansion of zebra chip into the Pacific Northwest growing regions of the United States led to the discovery that the psyllid vector survives winter in the region on bittersweet nightshade (Jensen et al. 2012 , Murphy et al. 2013 . It is now known that the potato psyllid species is composed of at least four unique genetic types or haplotypes (Swisher et al. 2012 (Swisher et al. , 2014a . It is unclear whether growers in the Pacific Northwest or elsewhere should be concerned about all haplotypes of the psyllid or with a subset of haplotypes, due to a shortage of studies that compare biology of the different haplotypes. For example, it is not known whether all haplotypes are equally efficient at acquiring and transmitting the zebra chip pathogen, or whether life history traits such as development and reproduction are similar among the different haplotypes. Variation in reproductive traits among haplotypes could affect how rapidly psyllid populations of a given haplotype increase in the field and contribute to spread of the pathogen causing zebra chip disease.
This study examined the effects of host plant on reproduction and adult longevity of psyllids from the three haplotypes that can be found co-occurring during summer in potato fields of the Pacific Northwest (Swisher et al. 2014b ). Host plant did not affect fecundity of psyllids (Fig. 3A) . There were haplotype differences in fecundity. Females of the Northwestern and Western haplotypes had higher lifetime fecundity than females of the Central haplotype (Fig. 3C) . The absence of host effects has been found in other studies, most notably the study by Yang and Liu (2009) , who showed that fecundity was similar for psyllids on eggplant (Solanum melongena L.) and bell pepper (Capsicum annuum L.). However, Liu and Trumble (2007) found that fecundity was higher for Central haplotype psyllids than those of the Western haplotype when the insects were reared on tomato (Solanum lycopersicum L.), but not on pepper. Several previous studies showed that average fecundity of potato psyllid varied between 311 to 720 eggs per female on potato, tomato, chili pepper, eggplant, and bell pepper (Compere 1916 , Lehman 1930 , Knowlton and Janes 1931 , Knowlton 1933 , Davis 1937 , Abdullah 2008 , Yang and Liu 2009 , Yang et al. 2010 , Prager et al. 2014 . Results of the present study showed that average fecundity of potato psyllid was 1050, 877, and 629 eggs per female for the Northwestern, Western, and Central haplotypes, respectively. Interestingly, fecundity estimates for Central psyllids in the current study are similar to estimates reported in several of these other studies (Lehman 1930 , Knowlton and Janes 1931 , Knowlton 1933 , Abdullah 2008 , Yang and Liu 2009 , Yang et al. 2010 ), which we believe (based upon geography) are likely to have used psyllids of the Central haplotype in determining fecundity. In sum, Northwestern and Western psyllids were more fecund than Central psyllids ( Fig. 3A and C) , and this trait could have an impact on population growth rates under field conditions depending upon the relative abundance of the three haplotypes in any particular field.
Previous studies showed that longevity of female potato psyllid ranged from 14.6 to 189 d on potato, and male longevity was reported averaging from 22 d on tomato to 64 d on potato (Knowlton and Janes 1931 , Abdullah 2008 , Yang and Liu 2009 , Yang et al 2010 . During the present study, both male and female psyllids lived longer on bittersweet nightshade than potato, with an average life span of 108 and 85 d for females and 114 and 79 for males on nightshade and potato, respectively (Fig. 4) . In addition, overall life span was higher for Northwestern psyllids than Western and Central psyllids (Fig. 4F) . Female life span in all three haplotypes tended to exceed duration of the egglaying period, for unknown reasons. This pattern was especially noticeable on nightshade (Fig. 5) . Extreme instances of this trait were shown by a few females on nightshade that permanently ended egglaying 80-100 d before death (Fig. 5) .
Egg fertility was affected by host plant for each of the three psyllid haplotypes, with significantly higher percent egg hatch for psyllids reared on potato than those reared on bittersweet nightshade, irrespective of haplotype (Fig. 3D-F) . The cause of the reduced egg hatch on nightshade is not yet known, but conceivably could include effects through either the male or female parent. Diet has been shown to affect male quality in other insect species, leading to effects on size of testes and numbers of sperm produced or transferred to females (Guerra and Bhuiya 1977 , Ward and Simmons 1991 , Delisle and Hardy 1997 , Droney 1998 , with possible effects on egg fertilization. Suboptimal diets for female Lepidoptera have been shown to be associated with the production of eggs having reduced hatch rates (Geister et al. 2008 , Wang et al. 2013 . Indeed, reduced hatch of deposited eggs has been shown to accompany rearing of females on diets having high concentrations of certain plant allelochemicals, including allelochemicals known to occur in the Solanaceae (Bü yü kgü zel et al. 2013) . Whether any of these explanations account for the reduced hatch of eggs produced by nightshadereared psyllids has yet to be determined.
An unexpected finding of this study was that egg fertility was also affected by haplotyptic match of the parental psyllids. Northwestern females did not produce viable eggs when mated with males of Western or Central psyllids, but exhibted an average fertility rate of 85% when paired with Northwestern males (Table 1 ). All of these Northwestern females had indeed been mated, as confirmed by dissecting the insects and checking for presence of spermatophores (Guédot et al. 2013 ). The fertility effects were asymmetric, in that crosses between Northwestern males and Central or Western females produced viable eggs at a level similar to what was produced by intrahaplotype pairings (Table 1) . This is the first report of partial interhaplotype reproductive incompatibility in potato psyllid. The cause of this asymmetric incompatibility is not yet known, but studies are underway to examine factors that could be controlling the asymmetry.
In summary, results of this study showed that there were significant differences in reproductive biology among the three haplotypes of potato psyllid found to co-occur in the Pacific Northwest of the United States. However, the absence of significant host Â haplotype effects in all analyses indicates that there was no evidence for host-dependent differences among the haplotypes. Thus, we have no evidence that the locally resident haplotype (Northwestern) was also locally adapted to the nightshade host. Fecundity was higher in Northwestern and Western psyllids, regardless of whether the insects were reared on potato or bittersweet nightshade. Fertility was higher for psyllids of all haplotypes when reared on potato than if reared on bittersweet nightshade, whereas adult longevity showed the opposite host trend. Finally, an asymmetric reproductive incompatibility between Northwestern psyllids and those of Central and Western haplotypes was discovered. Either of these two crosses led to a complete absence of egg hatch, despite spermatophore transfer. Because populations of potato psyllid in several potatogrowing regions of North America have been shown to comprise a mixture of haplotypes (Swisher et al. 2012 (Swisher et al. , 2013a (Swisher et al. , 2014a , mating between non-like haplotypes under field conditions is conceivably possible, with potential effects on subsequent egg viability. Collectively, our results indicate that a full understanding of psyllid population biology in any growing region will require knowledge of haplotype composition within the region, as well as diversity of the host plant complex in the growing region.
